ABSTRACT
INTRODUCTION

Metal
Cho and Oden /7/ showed that the material variation through the thickness and the size of the functionally gradient layer affected thermal stress characteristics.
Cho and Ha /8,9/ compared averaging estimation methods with the finite element discretization approach for the thermomechanical properties and responses of dual-phase FGMs, and found that almost all of the averaging estimates produced stress distributions with considerable difference from those by the finite element discretized models.
The micro-structure of a composite material can be graded or tailored in order to achieve uniform stress distributions. Consequently, the material modulus- 
However, this method does not consider the effects of particle and dispersion structure, and the interaction between two constituents. It is obvious that the thermomechanical behaviour of a FGM is strongly dependent on the accurate estimation of a modulus of elasticity and the thermal expansion coefficient /7,8,33-35/.
In this study, the functionally graded composite tube was assumed to be composed of a graded layer between homogeneous isotropic ceramic and metal phases, as shown in Fig. la . The volume fraction of the metal phase at any radial position r is of the power law type
CONSTITUTIVE RELATIONS
FGM has continuously varying composition of ceramic and metal phases through a dimension of structure from a ceramic-rich surface to a metal-rich surface such that probable residual stresses due to thermal and mechanical mismatches of ceramic/matrix can be reduced and redistributed using a graded interlayer since the low thermal conductivity of ceramic where η is compositional gradient exponent, r, is inner radius of the tube, and t is the tube thickness. 
E = q+E,
where the stress-strain transfer ratio is (4) 
The choice of value q affects the averaged modulus of elasticity based on the modified rule of mixture. For a well dispersed metal-Al 2 0 3 composite a value q of 500
GPa is recommended /8/.
The through-thickness variation of modulus of elasticity of a functionally graded Ni-Al 2 0 3 tube is shown in Fig. 2b . The mechanical properties of constituents of Ni-Al 2 0 3 composite material are given in Poisson's ratio ν of a N1-AI2O3 functionally graded tube for different compositional gradient exponents n. 
The through-thickness variation of Poisson's ratio of N1-AI2O3 functionally graded material is shown in Fig.   2c . The overall modulus of elasticity alternative to equation (4) 
Now, equation (10) yields
where element stiffness matrix (20) where
The displacements u at any point within the element is written in terms of nodal displacements (18) where N, is shape function, and (u/),, (u?)" (u 3 •), are global nodal displacements. All integration points along the thickness direction ξ 3 are assumed to have the same material orientation. 
Strain-displacement relations
and >3) are defined similarly.
The matrix equation (21) is now partitioned and the top partition of jc'" 1 *} can be written as (22) Equations (20) and (22) 
Stress-strain relations
The elasticity matrix [D] for layer j is given as
In order to provide the continuity of stress between the layers, the elasticity matrix is modified for the layer 
Stiffness matrix formulation
The element stiffness matrix is written in terms of the natural coordinates as
where [^D j is the modified stress-strain matrix at the (25) point of interest within the element. For a layered element equation (27) yields
I7>0I. The through-thickness numerical integration is carried out modifying the variable ξ 3 to in the j th layer such that ξ 3 varies from -1 to 1 in that layer /31-
And
Substituting of equations (29) and (30) into equation (28) yields
Α 2χ2χ2 Gauss integration scheme is needed for each layer in order to evaluate the contribution of that layer to the stiffness of the element.
PROBLEM DESCRIPTION
In this study, the 3D stress analysis of an adhesively 
NUMERICAL RESULTS
Since lap joints have a simple geometry, previous studies have concentrated on single-lap and double-lap joints in order to determine the mechanical properties of the adhesive materials and their deformation and stress states /1,2/. The common conclusions were that the adhesive free edges are the critical regions of the adhesive joint where the stress concentrations occurred and the first probable crack could initiate and propagate.
In general, the two-dimensional models of the adhesive single-lap and double-lap joints were considered and the lateral straining effects were ignored. Apalak and Engin and then remains constant. In the adhesive layer the radial stress σ ΓΓ becomes maximal along the free edges AHG and CDE of the adhesive layer (Fig. 9) . However,
it is tensile along the free edge AHG and compressive along the free edge CDE. Along the free edge AHG the radial stress has a peak level at the outer tube-adhesive interface and decreases almost linearly and then becomes minimum at the inner tube-adhesive interface.
Similarly, it is also maximal at the adhesive-inner tube interface and increases towards the adhesive-outer tube interface (Fig. 9) . It is obvious that the peak radial stresses occur at opposite locations, i.e. at the left free edge of the adhesive-outer tube interface (AHG) and at the right free edge of the adhesive-inner tube interface (CDE). The von Mises stress a eqv exhibits similar variations at comparatively higher levels in both the inner and outer tubes and in the adhesive layer due to the contributions of all stress components (Fig. 9) .
Similarly, the peak von Mises stresses appear at the left free edge of the outer tube-adhesive interface and at the right free edge of the inner tube-adhesive interface which is more critical. In addition, the von Mises stress becomes a peak in the ceramic-rich layer and decreases towards the half tube wall-thickness, and then remains nearly constant whereas it decreases uniformly between two interfaces of the adhesive layer. Fig. 9) . However, the compositional gradient exponent does not affect the stress profiles in the adhesive layer. Furthermore, the critical stresses along the lines AHG and CDE are lower by 25-29% in the tubes and lower by 4-16% in the adhesive layer (Fig. 10) than those in the case of η -0.1 (Fig. 9) .
The Finally, a detailed analysis of the stress state in the tubes and in the adhesive layer showed that the stress concentrations occurred along the free edges of the adhesive layer, and the peak stress levels appeared along the left free edge of the outer tube-adhesive interface and the right free edge of the inner tubeadhesive interface as shown in Fig. 12 . In both tubes the ceramic rich regions experience peak hoop and von
Mises stresses whereas the radial stress becomes maximal at the free edges of two interfaces (Fig 12) .
Additionally, the compositional gradient exponent η affects the through-thickness profiles of the hoop stresses in both tubes whereas it affects the throughthickness profile of the radial stress in the adhesive layer. As the material composition of both tubes is enriched by the ceramic phase the peak hoop stress levels are reduced by 30-40%.
Effect of the layer number
The stress state of an adhesively bonded tubular joint was investigated for the compositional gradient (Fig. 2) . However, the slope of the stress profiles changes in the middle of the wall-thickness of the tubes. Increasing the layer number does not affect the stress profiles, but a small decrease appears in the stress levels in the inner surfaces of the outer and inner tubes and this discrepancy disappears in the vicinities of the outer surfaces of the outer and inner tubes. In the adhesive layer the through-thickness profiles and magnitudes remain the same (Fig. 14) . Thus, it increases uniformly from the inner tube-adhesive interface to the outer tube-adhesive interface along the line AHG and decreases through the zone close to the adhesive-outer tube interface. A similar behaviour appears along the line CDE in the opposite direction (Fig. 14) . The comparison of the von Mises stress profiles in the lubes and in the adhesive layer for η -1.0 ( Fig. 14) with those for ri -0.1 (Fig. 13) showed that the stress profiles in the outer and inner tubes are completely different whereas those of the adhesive layer remain almost the same, and the peak stress levels in the outer and inner lubes and in the adhesive layer decrease by 17%. 
Effect of the gradient exponent
The previous section implies that increasing the layer number does not have much effect on the throughthickness stress profiles and results in minor decreases In the outer tube the von Mises stress increases from the inner surface to the outer surface of the outer tube (Fig. 16a) . However, the increase in the stress levels is 
CONCLUSIONS
The stress analysis of an adhesively bonded functionally graded tubular lap joint subjected to an internal pressure was carried out and the effects of the layer number and the compositional gradient exponent 
